This paper investigates the operational modes of buck dc-dc converters and their energy transmission methods. The operational modes of such converters are classified in two types, discontinuous conduction mode (DCM) and continuous conduction mode (CCM). In this paper, the critical inductance relation of DCM and CCM is determined. The equations of the output voltage ripple (OVR) for each mode are obtained for a specific input voltage and load resistance range. The maximum output voltage ripple (MOVR) is also obtained for each mode. The filter size is decreased and the minimum required inductance value is calculated to guarantee the minimization of the MOVR. The experimental and simulation results in PSCAD/EMTDC prove the correctness of the presented theoretical concepts.
I. INTRODUCTION
DC-DC converters directly convert a specific dc voltage to another specific dc voltage. The most common types of dc-dc converters are buck, boost, buck-boost, and Cuk type converters. Nowadays, dc-dc converters play an important role in industry, electrical devices, electrical machines, airspace industry, portable systems, distributed generation, power factor correction, and voltage regulation [1] - [5] . In these applications, the output voltage quality is very important and it must have a minimum ripple value [6] .
The majority of investigations done on buck dc-dc converters concentrate on new topologies [7] , [8] and control methods [9] , [10] . In these papers, the aim is either to improve a converter circuit topology and present a new structure or to present a new control strategy in order to improve the operation of a converter. In other words, they try to overcome major problems such as switching losses, converter size, and difficulties with electrical parameters. They generally improve converter functionality by creating a new topology and presenting a proper control method. It should be noted that the mentioned methods face disadvantages such as increases in the number of elements, circuit size increases, and losses increases. Applying some control methods leads to control system integration and sophistication.
Other applications considered for buck dc-dc converters are mines and refineries where flammable gasses are a major problem. In [11] , a buck converter is investigated from an intrinsic security point of view. The optimized values for the inductances and capacitances are calculated in a way that the created spark is kept in its lowest value. This is accomplished by calculating the energy value stored in the inductors and capacitors. In [12] , a buck dc-dc converter is investigated from an OVR point of view considering the intrinsic security level. This is accomplished by concentration on two aspects to maintain the intrinsic security level and to minimize the OVR by selecting proper inductance and capacitance values.
A buck dc-dc converter consists of energy storage elements (inductors and capacitors) whose values affect the magnitude of the OVR. Therefore, the values should be selected in a way that the magnitude of the OVR is minimized. In addition to these elements, the input voltage magnitude and the load resistance size affect the magnitude of the OVR. They must be kept under consideration in converter design. This paper, investigates a buck dc-dc converter's OVR considering the filter size. The OVR is minimized and the required filter size is kept within an acceptable range by designing appropriate L and C parameters. In the proposed method, the OVR is controlled without adding any additional element or changing the classic structure of the converter. It is achieved through a proper design of the inductance and the capacitance. The OVR is minimized by determining appropriate values for the capacitors and the inductors in different ranges of input voltage and load resistance.
In [13] and [14] , the output filter of a buck converter is designed for a special application considering the OVR. In the presented method, a buck dc-dc converter is investigated from two OVR and filter size points of view in a way that the converter shows desirable performance in both the DCM and CCM.
In this paper, the operation of a buck dc-dc converter is investigated in both DCM and CCM, and the critical inductance value between them is obtained. The relations of the OVRs are investigated in specific ranges of input voltage and load resistance. This is accomplished to achieve optimum inductance and capacitance values leading to the minimum value of the MOVR. Finally, the presented theoretical concepts and discussions are validated by experimental and simulation results in PSCAD/EMTDC. Fig. 1(a) shows a circuit diagram of a buck dc-dc converter. The operation modes can be classified into CCM and DCM. This classification is carried out based on parameters such as duty cycle, input voltage, and load magnitude. In this paper, the operation modes are classified considering the converter inductance, where the border line of the CCM and DCM is commensurate with the critical inductance, L C .
II. BUCK DC-DC CONVERTER OPERATION MODE ANALYSIS

A. Converter Analysis in CCM
The CCM is the mode in which the inductor current (i L ) is always continuous and exists in all time intervals. The converter analysis in CCM is accomplished in the time intervals during which the switch S, is turned on (T on ) and is turned off (T o f f ) (as shown in Fig. 1 ). According to Fig.  1(a) , as the switch is turned on, the diode D is reverse biased and the circuit shown in Fig. 1(a) is changed to the equivalent circuits shown in Figs. 1(b) and 1(c). As illustrated in Fig. 2 (a), during this time interval (T on ), the inductor current increases linearly from its minimum value (I LV ) to its maximum value (I LP ). According to Fig. 1(a) , the capacitor current is equal to i c = i L − I o , where the load current is considered constant and assuming that the capacitor size is large enough. The T on time interval is divided into two time intervals, (0 , t 0 ) and (t 0 ,t 1 ), comparing the inductor current with the load current. In (0 , t 0 ), since i c = i L − I o is valid, due to the fact that i L < I o , the capacitor current is negative and consequently the inductor and the capacitor provide the load current together. The equivalent circuit of Fig. 1 (c) illustrates this fact well. In this time interval, as the capacitor discharges, its voltage decreases. At t 0 , the capacitor voltage reaches its minimum value (V cv ) in which the current passing through it equals to zero. In (t 0 ,t 1 ), i L > I o is valid and as a result the inductor charges the capacitor in addition to the load current provision. As the capacitor is charged, its voltage increases. As shown in Fig. 2(a) , in the T o f f time interval, the inductor current decreases linearly from its maximum value (I LP ) to its minimum value (I LV ). According to i c = i L − I o and comparing the inductor current with the load current, T o f f is divided into two time intervals, (t 1 ,t 2 ) and (t 2 ,t 3 ). In (t 1 ,t 2 ), due to the fact that i L > I o , the capacitor current is positive and as a result the inductor charges capacitor in addition to the load current provision. The equivalent circuit of Fig. 1(d) illustrates this fact well. In this time interval, as the capacitor is charged, its voltage increases to reach its maximum value (V cp ) at t 2 . In (t 2 , t 3 ), since i L < I o , the capacitor current is negative and as a result the capacitor and the inductor the provide load current together. The equivalent circuit of Fig. 1 (e) well illustrates this fact. During this time interval, the capacitor voltage decreases as it is discharged.
B. Converter Analysis in DCM
The DCM is the mode in which the inductor current is zero in one interval and is not zero in the following interval. The analysis of a converter in the DCM for the time interval T on is such an analysis as accomplished in the CCM for the time interval T on , but with differences in the initial conditions of the inductor and capacitor currents, and the output voltage.
As shown in Fig. 2(b) , in the T o f f time interval, the inductor current decreases linearly from its maximum value (I LP ) to zero. The T o f f time interval is divided into three time intervals (t 1 , t 2 ), (t 2 , t 2 ), and (t 2 , t 3 ). In (t 1 , t 2 ), due to the fact that i L > I o , the capacitor current is positive and as a result the inductor charges the capacitor in addition to the load current provision. The equivalent circuit of Fig. 1(d) illustrates this fact well. In this time interval, as the capacitor is charged, its voltage increases to reach its maximum value (V cp ) at t 2 . In (t 2 , t 2 ), due to the fact that the inductor current is less than the load current, the capacitor current is negative since i c = i L −I o is valid. Here, the capacitor and the inductor provide the load current together. This is well illustrated in the equivalent circuit of Fig. 1 (e). In this time interval, the capacitor voltage decreases as its energy is discharged. In (t 2 , t 3 ), the capacitor current equals to −I o , since the inductor current is zero and as a result, the capacitor provides the load current by itself. The equivalent circuit of Fig. 1 (f) illustrates this fact well. In this time interval, the capacitor voltage decreases linearly because the capacitor current is constant.
III. CALCULATING THE CRITICAL INDUCTANCE BETWEEN THE CCM AND DCM MODES
The borderlines between the different operational modes of a buck dc-dc converter can be determined by the critical inductance since these operational modes are indicated by the inductance depended inductor current. In order to achieve the critical inductance L C , which exists between CCM and DCM, it can be in Figs. 2(a) and 2(b) that I LV = 0 should be valid. In order to achieve this, it is necessary to calculate I LP and I LV initially. The energy survival law is applied as follows to calculate I LV and I LP . 
Considering Fig. 1(a) , the current passing through the capacitor is as follows:
Considering Figs. 1(b) and 2(a), the inductor voltage in T on (v L1 ), can be expressed by:
The following equation is always valid for the inductor current and voltage:
Using (3) and (4), it is clear that:
Considering Fig. 1(d 
so by allying the above value in (4) and
Considering (2) and (7), the capacitor current in T o f f (i c2 ) can be calculated as follows:
The converter duty cycle (D) is defined as follows:
The following is valid if the buck dc-dc converter operates in CCM:
Applying the boundary provisions in (5) leads to the following:
Applying (6) and (8) in (1), and considering (9)-(11) and V o = RI o , the value of I LP can be expressed as:
Using (11) and (12), I LV is achieved as follows:
It is obvious from Figs. 2(a) and 2(b) that the critical inductance (L C ) between CCM and DCM is obtained applying I LV = 0 in (13) . As a result:
According to (10) , (14) can be expressed as follows:
If L < L C , the converter operates in DCM and if L > L C , it operates in CCM. According to (15) , L C is function of V i and R. Due to Fig. 3 , as the input voltage changes from V i,min to V i,max and the load resistance changes from R min to R max , the operation region of the inverter would be a rectangul (ABCD) in the R −V i plate. Note that Fig. 3 is drawn considering that L C1 < L C,min < L C2 < L C,max < L C3 is valid. Fig. 3 shows that the minimum and maximum critical inductances are commensurate by the A and C points, respectively. The magnitude of each can be expressed as follows: Fig. 3 shows that the converter operates in the CCM if L > L C,max is valid. This is denoted in Fig. 3 by L C3 . The converter operates in the DCM if L < L C,min is valid. This is denoted in Fig. 3 by L C1 . Under the L C,min < L < L C,max condition and for specific R and V i values, and considering V i,min < V i < V i,max and R min < R < R max , if L > L C is valid, the converter operates in CCM and if L < L C is valid, the converter operates in DCM. This is denoted by L C2 .
IV. OUTPUT VOLTAGE RIPPLE
The magnitude of the OVR is one of the most important parameters that should be taken under consideration in dc-dc converters design. In this kind of converter, the components should be designed in such a way that the output voltage possesses the minimum ripple magnitude. In this section, the magnitude of the OVR is calculated for each operational mode and the effect of each component and electrical parameter on the OVR magnitude is investigated.
A. Calculating the OVR in CCM
The magnitude of the OVR in CCM (V CCM PP ) is obtained by integrating the capacitor current in the (t 0 ,t 2 ) time interval. According to Fig. 1(a) , the output voltage of the converter is as follows:
Considering Fig. 2(a) , the following is valid:
The OVR can be calculated as follows:
Since the capacitor current is equal to (6) at (t 0 , t 1 ), the value of t 0 can be expressed as follows, by applying zero for the capacitor current:
The value of t 2 can be obtained by applying zero for capacitor current in (8) as follows:
Applying (6), (8), (10), (12) , (20)-(22) in (19), the magnitude of the OVR in CCM can be expressed as follows:
It is obvious from (23) that the OVR magnitude in CCM does not depend on the load resistance. However, it is reversely related to the inductance value, and is directly related to the input voltage. In other words, the following is valid:
According to the mentioned explanations, for a specific V i , the maximum OVR in CCM is obtained for L = L C . By applying (15) in (23), the maximum OVR is obtained as follows:
B. Calculating the OVR in DCM
The magnitude of the OVR in DCM (V DCM PP ) is obtained by integrating the capacitor current in the (t 0 ,t 2 ) time interval. The following is always valid for the buck dc-dc converter in DCM [11] :
According to Fig. 2(b) , I LP can be calculated as follows:
The capacitor current in (t 0 ,t 1 ) is as follows:
Due to the fact that the capacitor current is equal to zero at t 0 , applying zero for the capacitor current in (29) results in:
Applying ( 
From (31), the following can be obtained: 
It is obvious from (32), (33) and (34) that the OVR magnitude in DCM is reversely related to the inductance value and the load resistance, and it is directly related to the input voltage.
According to the mentioned explanations, for an specific V i , the minimum OVR in DCM is obtained for L = L C . Applying (15) in (31), the minimum OVR is obtained as follows:
According to the explanations mentioned above, the OVR is basically determined by the inductance value. For different operational modes and for a constant switching frequency, capacitance, input voltage, and load resistance, the relation of the OVR and L is as shown in Fig. 4 , due to the voltage ripple relations. As shown in Fig. 4 , in a buck dc-dc converter with constant switching frequency, specific capacitance, input voltage, and load resistance values, the OVR magnitude is minimized in CCM and it is maximized in DCM. It depends on the inductance values in both modes.
V. MAXIMUM OUTPUT VOLTAGE RIPPLE
As previously mentioned, the OVR is directly related to V i and is reversely related to the inductance value in the CCM operational mode. It does not depend on the load resistance value. The OVR magnitude in DCM is reversely related to the load resistance and inductance values and is directly related to the input voltage. Therefore, the worst operational condition (the MOVR condition) occurs for maximum value of V i,max and the minimum value of R min . Under this condition and according to (15) , the critical inductance for V i,max and R min are as follows:
The following can be concluded by comparing (36) with (16) and (17):
According to (37), the operation region of the converter in the worst condition (MOVR) would be as Fig. 5 . As the inductance value increases, the MOVR value decreases since the OVR magnitude is reversely related to the inductance value. Therefore, as illustrated in Fig. 5 , the minimum value of the MOVR in DCM occurs for L = L C,MOV R . Applying L C,MOV R in (31), the minimum value of MOVR is as follows:
Applying (36) in (38) leads to the minimum MOVR magnitude in DCM as follows:
As shown in Fig. 5 , the maximum MOVR in CCM is obtained for L = L C,MOV R . Applying L C,MOV R in (23), the maximum MOVR is as follows:
Considering (36) and (40), the maximum magnitude of the MOVR in CCM can be expressed as follows:
VI. DESIGN CONSIDERATIONS
The magnitude of the OVR is one of the most important electrical parameters in dc-dc converters. It is determined by L and C in the constant switching frequency. As is obvious from the OVR relations of CCM and DCM, the magnitude of the OVR is reversely related with the L, C, and f values. For OVR minimization, the values of the parameters L and C are important in the load resistance and the input voltage ranges. Due to the limitations that exist in high frequency power switch manufacturing and switching loss increases, the switching frequency cannot be increased very much. The method proposed in this section is an optimum method for achieving a low OVR with a minimum filter (L,C) size.
As previously mentioned, it is shown in Fig. 4 that the OVR in DCM possesses its maximum magnitude while it is lower in CCM. As can be seen in Fig. 5 , for L C,MOV R , the MOVR in DCM has its minimum magnitude which equals that of the converter in CCM. Equation (41) proves this fact. According to the discussions in previous sections, the magnitude of the OVR decreases as the inductance increases. In other words, the inductance value can be increased to minimize the magnitude of the OVR. The inductor value cannot be very large due to a saturation problem and a filter size increase. Therefore, it can be concluded that in the worst condition (MOVR), which occurs for V i,max and R min , the OVR magnitude has its minimum value of L C,MOV R . In other words, the minimum magnitude of the proposed inductance is as follows:
Under this condition and due to (41), the maximum magnitude of the OVR in the worst condition (MOVR) is:
According to (43), the minimum value of the capacitor is considered as follows:
In fact, the equivalent series resistance (ESR) and the equivalent series inductance (ESL) of the capacitor have a remarkable influence on the voltage ripple level. Therefore, an adequate multiple factor λ must be considered, i.e. [11] , [16] :
If the values of the inductance and the capacitor capacity are selected according to (42) and (44), the MOVR ripple is minimized and so the quality of the output voltage increases. Often dc/dc Buck converters are applied in places such as refineries and mines. There are explosive gases in such places, so by selecting the minimum values for the inductance and the capacitor, the value of the reserved energy will be less and so the intrinsic safety of the converter increases [11] . In addition to the maximum output voltage ripple and the intrinsic safety of the converter, for these values of the inductance and the capacitor, the size of the converter output filter will be small which is important in designing Buck dc/dc converters [13] .
In the buck dc-dc converters and for heavy loads (R min ), the current peak is higher in DCM when compared with CCM and it flows through the switches during the switching process. This current causes switching stress and as a result, DCM is not suggested. In CCM, due to (23) the OVR does not depend on R. Therefore, in this operational mode, there is no load magnitude limitation for converter operation. Fig. 6(a) shows the OVR variation curve in terms of the inductance for a specific V i and R. As can be seen, the OVR magnitude decreases as the inductance increases. Fig. 6(a) shows that the OVR magnitude in DCM is more than the OVR magnitude in CCM. As can be seen, for equal voltages, a load resistance increase has no effect on the OVR magnitude in CCM.
VII. THEORETICAL ANALYSIS
For R = 40Ω, V o = 8V , and for inductance values of 0.4mH, 1mH, and 5mH, the OVR variation curve in terms of the input voltage is illustrated in Fig. 6(b) . It is obvious from Fig. 6(b) that for a constant input voltage, the OVR decreases as the inductance increases.
For V i = 12V , V o = 8V , and for inductance values of 0.4mH, 1mH, and 5mH, the OVR variation curve in terms of load resistance is illustrated in Fig. 6(c) . It is obvious from Fig.  6 (c) that for a 5mH inductance value, the converter operates in CCM, where the OVR is independent of the load resistance and the OVR does not vary as the load resistance increases. For a 1mH inductance value and for low resistances, the converter operates in CCM, and because the OVR magnitude does not depend on the load resistance in CCM, according to Fig. 6(c) , the OVR remains constant. For the same inductance value, as the load resistance increases, the converter operates in DCM and the OVR decreases as the load increases. For a 0.4mH inductance value, the converter operates in DCM and the OVR decreases as the load resistance increases. The curves shown in this section are drawn for the capacitance C min calculated in section VI. This capacitance is obtained for the maximum magnitude of the OVR and the minimum value of the load resistance.
VIII. EXPERIMENTAL AND SIMULATION RESULTS
The buck dc-dc converter shown in Fig. 1(a) is simulated with PSCAD/EMTDC under different operational conditions to prove the correctness of the theories proposed in previous sections. Experimental results are also presented to clarify the studies and to compare the theoretical and the practical results. The results are presented in the steady state. The main parameters are considered as follows [15] 
The voltage levels, the switching frequency and the other electrical parameters of the converter have been selected in the experimental ranges. Another reason for selecting such numerical values for the electrical quantities of the converter is for considering the application of these kinds of converters (mines control systems, petrochemical plants, refineries) which was referred in [16] .
The experimental and simulation results of the buck dc-dc converter are presented in both the CCM and DCM using the following values selected from the above ranges:
Considering (15)-(17), (36), and (44), the values of L C , L C,min , L C,max , L C,MOV R , and C min are obtained as 1.67mH, 0.67mH, 5mH, 1mH, and 31.25µF, respectively.
The inductor current and output voltage waveforms are shown in Fig. 7 considering different inductance values. A two-channel storage oscilloscope is used for making experimental measurements. The first channel is used to show the waveforms for the current passing through the inductor and the second channel is used to show the output voltage waveform. The dc coupling is used for the first channel, while the ac coupling is used for the second one. The zero level of the first channel (the current passing through the inductor) is depicted in the figures. Due to the coupling application for the second channel and proper volt/div tuning, the zero level of the second channel is not visible on the oscilloscope screen.
According to Fig. 7(a) , for L = 2mH, it is shown that the converter operates in CCM since this is more than L C = 1.67mH. For L = 0.5mH, the converter operates in DCM since this is less than L C = 1.67mH. In this mode, the inductor current equals zero. The result obtained in Fig. 7 (b) illustrates this fact. According to Figs. 7(a) and 7(b), it can be seen that the experimental results are completely in accordance with the theoretical analysis presented in Figs. 2(a) and 2(b).
In the simulation results shown in Fig. 8(a) , it is obvious that in DCM and for R = 40Ω (a heavy load), the inductor peak current increases when compared with similar the condition shown in Fig. 7(b) . This confirms the correctness of the discussions mentioned in section VI.
In order to confirm the fact that the maximum OVR does not exceed %2V o = 0.16V for L min = L C,MOV R , the system is simulated for V i,max , R min (the worst condition) and L = L C,.MOV R = 1mH. Fig. 8(b) illustrates this fact well.
IX. CONCLUSIONS
The critical inductance existing between the CCM and the DCM of a buck converter is obtained by applying zero to the minimum inductor current. For inductances lower than this value, the converter operates in DCM and it operates in CCM for values more than the critical inductance value. The magnitude of the OVR in CCM and DCM decreases as the inductance increases. The analyses show that in CCM, the OVR is directly related to the input voltage. However, this is independent from the load resistance value. In DCM, the OVR is directly related to the input voltage and it is reversely related to the load resistance. The results of this research also show that in DCM the MOVR is minimized for L C,MOV R . This MOVR magnitude is equal to the maximum magnitude of the MOVR in CCM for L C,MOV R . Selecting the minimum inductance value as L C,MOV R and using the minimum capacitance as (44), the converter filter size is minimized in addition to the MOVR reduction. The parameter L C,MOV R is the critical inductance value between the DCM and the CCM under the maximum input voltage and minimum load resistance condition.
